The present paper reports kinetic studies of the adsorption of aniline (AN), phenol (P), 4-chlorophenol (CP) and 4-nitrophenol (NP) from aqueous solution onto granular activated carbon (GAC). In FTIR spectral analysis, the transmittance of the peaks gets increased after the loading of AN, P, CP and NP signifying the participation of these functional groups in the adsorption and it seems that the adsorption of AN, P, CP and NP is chemisorptive in nature. The rates of adsorption were found to obey a pseudo-second order model and that the dynamics of AN, P, CP and NP adsorption are controlled by a combination of surface and pore diffusion. The diffusion coefficients were of the order of 10 -10 m 2 s -1 . Thermal desorption at 623 K was found to be more effective than solvent desorption. GAC performed well for at least five adsorption-desorption cycles, with continuous decrease in adsorption efficiency after each thermal desorption. Owing to its relative high heating value, the spent GAC can be used as a co-fuel for the production of heat in a boiler or a furnace.
bons (ACs) has also been extensively investigated [31] [32] [33] [34] [35] [36] .
In the present study we determine the GAC characteristics from SEM, FTIR and TGA analyses and also report the effects the initial pH (pH 0 ), adsorbent dose (m), initial concentration (C 0 ) and contact time (t) on the adsorption efficiency. The kinetics of adsorption were studied and various kinetic models were tested against experimental data in an effort to gain insight into the adsorption and desorption mechanisms.
MATERIALS AND METHODS

GAC and its characterization
The GAC used in the present study was procured from S.D. Fine Chemicals Limited, Mumbai, India. The average particle size was calculated to be 1.671 mm. Proximate analysis showed the presence of 9.04% moisture, 12.70% volatile matter and 78.87% fixed carbon in blank-GAC. No ash was found in the blank. The BET surface area of GAC was 977.05 m 2 g -1
, whereas the BJH adsorption/desorption surface area of pores was 45.03/47.63 m 2 g -1 . The single point total pore volume of pores was found to be 0.4595 cm 3 g -1 , whereas the cumulative adsorption and desorption volumes of the pores (17 Å < d < < 3000 Å) were 0.0717 and 0.0789 cm 3 g -1 , respectively. The BET average pore diameter of GAC was found to be 18.79 Å. The bulk density and heating value of GAC were found to be 725 kg m -3 and 8.51 MJ kg -1 , respectively.
Chemicals
All the chemicals used in the study were of analytical reagent (AR) grade. AN (C 6 H 5 NH 2 ; CAS No.62--53-3) was procured from Qualigens Fine Chemicals, Mumbai, India. P (C 6 H 5 OH; CAS No.108-95-2) was procured from Ranbaxy Fine Chemicals, New Delhi, India. CP (4-ClC 6 H 4 OH; CAS No.106-48-9), NP (4-NO 2 C 6 H 5 OH; CAS No. 10-02-7), NaOH, and HCl were obtained from S.D. Fine Chemicals, Mumbai, India. Stock solutions of AN, P, CP and NP were made by dissolving exact amount of AN, P, CP and NP in distilled water, respectively. These test solutions were prepared by diluting 1 g dm -3 of stock solution of AN, P, CP and NP with double-distilled water.
Analysis of AN, P, CP and NP
The initial and residual concentration of AN, P, CP and NP were determined by finding the absorbance of the respective solution at 230, 269, 279 and 317 nm, respectively, using a UV/Vis spectrophotometer (Lambada 35; PerkinElmer, MA 02451, USA).
First, calibration plots of absorbance versus concentration were made after all adsorbates. The calibration plots of AN, P, CP and NP showed a linear variation up to concentrations of 0.27, 1.06, 0.78 and 0.36 mmol dm -3 , respectively. Before the analysis, the samples were diluted to concentrations in the linear range, whenever necessary, with double-distilled water.
Batch adsorption programme
For each experimental run, 100 ml aqueous solution of known concentration of AN, P, CP and NP was taken in a 250 ml conical flask containing a known mass of GAC. In all the experimented, the pH of the solution was maintained constant using buffer system of potassium dihydrogen orthophosphate (KH 2 PO 4 ) and sodium hydroxide (NaOH). These flasks were agitated at a constant shaking rate of 150 rpm in a temperature controlled orbital shaker (Metrex Scientific Instruments, New Delhi) maintained at 303 K. To determine the adsorption kinetics, the samples were withdrawn at different time intervals up to 24 h, centrifuged using a Research Centrifuge (Remi Instruments, Mumbai) at 10000 rpm for 5 min, after which the supernatant liquid was analyzed for residual concentrations of AN, P, CP and NP. The removal of AN, P, CP and NP from the solution and the adsorption uptake in solid phase (q t ) were calculated using the following relationships:
Percentage of AN or P or CP or NP removal = = 0 0
Amount of adsorbed AN or P or CP or NP per g of solid:
where C 0 is the initial AN, P, CP and NP concentration (mmol dm ) and m is the mass of the adsorbent (g). For equilibrium values, the corresponding values at equilibrium time were taken for calculation.
Adsorption kinetic theory
Diffusion study
The possibility of intra-particle diffusion was explored by using the intra-particle diffusion model [37] given by following equation:
where k id is the intra-particle diffusion rate constant, and values of I give an idea about the thickness of the boundary layer. In order to check whether surface dif-fusion controlled the adsorption process, the kinetic data were further analyzed using the Boyd kinetic expression, which is given by [38- Kinetic data were further treated by models given by Boyd et al. [38] and simplified by applying a solution given by the Skelland and Vermeules approximation [39] [40] for calculating effective diffusivity:
where D e is the effective diffusion coefficient of adsorbates in the adsorbent phase (m 2 s -1 ), R a is the radius of the adsorbent particle assumed to be spherical (m).
The slope of the plot of
Pseudo-first-order-and pseudo-second-order-model
The adsorption of AN, P, CP and NP molecules from the liquid phase to the solid phase can be considered as a reversible process with equilibrium being established between the solution and the solid phase. Assuming non-dissociating molecular adsorption of AN, P, CP and NP molecules on GAC particles with no AN, P, CP and NP molecules initially present on the adsorbent, the uptake of the AN, P, CP and NP molecules by the GAC at any instant t is given as [31] :
where q e is the amount of the adsorbate adsorbed on the adsorbent under equilibrium condition and k f is the pseudo-first-order rate constant. The pseudo-secondorder model is represented as [41] : 
The initial adsorption rate, h (mg g -1 min -1 ), at t→0 is defined as:
The Marquardt's percent standard deviation (MPSD) error function [42] was employed in this study to find out the most suitable kinetic model to represent the experimental data. This error function is given as: 2 e, ,exp e, ,cal 1 e, ,exp 1 100
In this equation, the subscript exp and calc represent the experimental and calculated values, n m is the number of measurements, and n p is the number of parameters in the model.
RESULTS AND DISCUSSION
GAC and its characterization
The SEM micrographs for blank GAC are shown in Figure 1 . The GAC shows random type of pores with cracks and crevices. Similar micrographs were obtained for AN, P, CP and NP-loaded GAC (not shown here). At low magnification, the surface texture of blank and AN, P, CP and NP-loaded GAC were found to be similar with very little difference. However, at high magnification, AN, P, CP and NP-loaded GAC showed bright spots which may be due to the pore filling by AN, P, CP and NP. EDX analysis (Table 1) shows the GAC to be mainly carbonaceous with 90.4% carbon, 9% oxygen, and 0.6% other. The nature of interaction between AN, P, CP and NP molecules and ions with functional groups present on the GAC surface was assessed through FTIR spectral analysis. The infrared spectra of GAC, AN, P, CP, NP and AN-, P-, CP-and NP-GAC are shown in Figures 2-4 . Blank-GAC ( Figure 2) shows a broad band with centre at 3450 cm -1 indicative of the presence of both free and hydrogen bonded OH groups on the GAC surface. The FTIR spectrum of blank GAC shows a weak and broad peak in the region of 1620 cm -1 . The broad peak in the region of 1602 cm -1 indicates the presence of CO group stretching from aldehydes and ketones. The band at 1600 cm -1 may also be due to conjugated hydrocarbon bonded carbonyl groups. The FTIR spectra also show transmittance around 1115 cm -1 region due to the vibration of the CC group in lactones and due to -COH stretching and -OH deformation. Figure 3a shows that the pure and loaded-GAC spectrum of AN. The spectrum of AN can be assigned as: a band at 3347.95 cm -1 for stretching vibration of -NH 2 group; a ring stretching with a contribution of the NH 2 scissoring band at 1610.96 cm -1 . The mode at 1276.71 cm -1 is assigned as partly to C-N stretching and partly to the ring stretching vibration [43] [44] . Figure 3b shows the FTIR spectra of pure AN and after AN adsorption onto GAC. The peak at 3331.51 cm [45] [46] .
Strong band at 1589.82 and 1489.02 cm -1 in the spectrum of pure CP (Figure 4a ) can be attributed to C=C stretching. This band was observed as 1590 cm -1 by other researcher for the interaction between activated carbon surfaces and adsorbed P derivatives [47] . 
Pores less than 5666 Ǻ; b pores diameter between 17 and 3000 Ǻ Figure 2 . FTIR of virgin-GAC.
The band at 1369.86 cm -1 was attributed to the in-plane bending of C-H bonds. The band at 1090.36 cm -1 is assigned to a C-Cl vibration. The band at 810.96 cm -1 was attributed to mostly out-of-plane bending of the ring C-H vibration. Similar peaks were observed by previous investigators [46, [48] [49] . Figure 4b shows the FTIR spectra of NP loaded GAC. Bands appearing at 3429 and 2966.52 cm further confirmed the adsorption of para-substituted benzene product. Similar peaks were observed by [50] .
It may be seen that few peak appear in AN, P, CP and NP loaded GAC and few of the peaks originally present in GAC get shifted. Also the transmittance of the peaks gets increased after the loading of AN, P, CP and NP signifying the participation of these functional groups in the adsorption and it seems that the adsorption of AN, P, CP and NP is chemisorptive in nature.
Effect of initial pH (pH 0 )
At low pH (e.g., pH < point of zero charge (pH pzc )), most ACs are positively charged, at least in part as a consequence of donor/acceptor interactions between the carbon graphene layers and the hydronium ions [51] . The pH pzc for GAC used in the present study lies at the pH 0 value of 10.3 (not shown here).
For a solution containing P and having pH > pH pzc of P, mainly phenolate anions are formed. It can be presumed that in the case of P adsorption, the positive surface charge resulting from the adsorption of protons by the strongest surface bases still attracts water and ionic species, thus blocking some active sites and preventing complete pore filling by P [52] and also electrostatic repulsion phenomenon was produced which the lower amount adsorbed at acidic pH [53] [54] [55] .
The pK a values of AN, P, CP and NP were 4.63, 9.95, 9.38 and 7.15, respectively [56] [57] . AN, P, CP and NP species are found to be present in deionized water in the form of AN, P, CP and NP. For AN, the ratio of C 6 H 5 NH 2 to C 6 H 5 NH 3 + ≈99% at pH 7; for P, the ratio of C 6 H 5 OH to C 6 H 5 O − is ≈0.99 at pH 6; for CP, the ratio of C 6 H 4 ClOH to C 6 H 4 ClO -is ≈0.99 at pH 5.75; and for NP, the ratio of C 6 H 4 (NO 2 )OH to C 6 H 4 (NO 2 )O − is ≈93.3 at pH 6. The concentration of the hydrolyzed AN, P, CP and NP species depends on the total AN, P, CP and NP concentrations and the solution pH. The speciation of AN, P, CP and NP in deionized water is presented in Figure 5 . The percentage of AN, P, CP and NP hydrolytic products was calculated from the following stability constants.
The effect of pH 0 on the adsorption of AN, P, CP and NP (C 0 = 1.07, 1.06, 0.78 and 0.72 mmol dm -3 , respectively) onto GAC was studied at a temperature Natural pH of AN, P, CP and NP solution at C 0 =1.07, 1.06, 0.78 and 0.72 were 6.9, 6, 5.75 and 6, respectively. The results of the experiments are presented in Figure 6 . It can be seen that the removal of the AN, P, CP and NP slightly increased with an increase in pH 0 of the solution from 2 to natural pH. Further increase in pH 0 from natural pH to 12 led to a sharp decrease in the AN, P, CP and NP removal efficiency. Zheng et al. [58] found that the adsorption efficiencies of AN onto Cr-bentonite are high and stable under acidic and neutral pH conditions and decrease with the increase of pH value under alkaline pH conditions. Lower sorption of AN at alkaline pH is probably due to the presence of excess OH − competing with AN for hydrogen bond formed with water molecules coordinated with chromium ion in interlayer [58] . The percentage adsorption were found to be close to 97, 94.3, 97.4 and 87.62% for AN, P, CP and NP, respectively, at pH 0 4; and 99.3, 98.2, 98.7 and 94.8%, respectively at natural pH. Percentage adsorption decreased sharply for pH 0 ≥ 6 for AN, P, CP and NP. However, decrease in removal efficiency for NP and CP was much sharper than as compared to that for AN and P.
The main contributions to organics adsorption onto GAC are π-π dispersion interactions [59] , hydrogen-bonding interactions [60] interactions [61] . The substituents on benzene ring provide different inductive and resonance effects, and their relative electron donating properties are wellknown [62] . Hydroxyl is an electron-donating functional group [63] which can increase the π-donating strength of the host aromatic ring. Thus, -OH can increase the adsorption affinity of the phenolic compounds to the GAC graphene surfaces [64] . It is obvious that π-π dispersive interactions will be stronger with the increase of the number of hydroxyl. Therefore, the number of hydroxyl has positive effect on the adsorption of phenolic derivatives. Previous investigators have shown that the substitution of P with a hydroxyl in meta-position results in a much higher absorption amount than substitution in the ortho-and para-position [65] .
The increased surface acidity of GAC at pH ≈6 favors the donor-acceptor interaction between the electrons of the aromatic ring and the surface. This leads to an increase of the removal efficiency [65] . However, the increasing removal efficiency of AN, P, CP and NP by GAC within pH 2-6 suggests the insignificant involvement of hydrogen bonding between the phenolic and GAC [66] . Increasing adsorption of these polar aromatics to GAC with increasing pH before their pK a may be due to the change of GAC properties with pH. At pH ≤ pH pzc , the GAC surface is positively charged and the species adsorbed at pH (7, . 6 and 5.75) are neutral molecules that were adsorbed significantly due to the dispersive or van der Waals interactions determining the adsorption process [65, 67] .
Effect of GAC dosage (m) Figure 7 shows the AN, P, CP and NP removal efficiency as a function of GAC dosage with C 0 of -3 was due the presence of a greater number of adsorbent sites at increased m. The adsorption efficiency of AN and CP increases with the increase of adsorbent dosage upto 10 g dm -3 and remain almost constant onto XAD-4 and Cr-bentonite [68] [69] . Similar results were reported for 4-hydroxyphenol sorption on Cr-bentonite from aqueous solu-tion [69] . However, for m ≥ 10 g dm -3 , the AN, P, CP and NP removal efficiencies become less dependent on m. Varying amounts of AC were contacted with the BSM containing 1000 mg dm -3 of P or NP to optimize the dose of adsorbent. Kumar et al. [70] reported that NP showed more adsorbability than P. Only 6 g dm -3 of AC dose was required in case of NP as against the 10 g dm -3 of AC dose to effect the same amount of P,
i.e., 95%, showing a good interaction between the nitro-group of NP and functional groups present on the AC surface. After 95% removal, the AC dose is not very effective, suggesting that the whole of the P and NP concentration cannot be reduced efficiently to zero in a single stage batch reactor. and, thereafter, the adsorption rate decreased gradually and the adsorption reached equilibrium. For C 0 ≤ ≤ 2.68, 2.66, 1.94 and 1.80 mmol dm -3 the residual concentrations at 5 h contact time were found to be higher by a maximum of around 2% than those obtained after 24 h contact time for AN, P, CP and NP, respectively. Therefore, after 5 h contact time, a steady state approximation was assumed and a quasi-equilibrium situation was accepted for C 0 ≤ The rate of AN, P, CP and NP removal by GAC is fast for the first 1 h. This is obvious from the fact that a large number of vacant surface sites are available for the adsorption during the initial stage and with the passage of time, the remaining vacant surface sites were difficult to be occupied due to repulsive forces between the solute molecules on the solid phase and in the bulk liquid phase. Also, the adsorbates get adsorbed into the mesopores of GAC that get almost saturated during the initial stage of adsorption. Thereafter, the adsorbates have to traverse farther and deeper into the pores encountering much larger resistance. This results in the slowing down of the adsorption during the later period of adsorption.
Various researchers have reported that C 0 provides an important driving force to overcome all mass transfer resistances of the adsorbates between the aqueous and solid phases. The increase in C 0 also enhances the interaction between adsorbate molecules and the vacant sorption sites on the GAC and the surface functional groups. Therefore, an increase in C 0 enhances the adsorption uptake of AN, P, CP and NP onto GAC [58, [71] [72] . For example, the AN removal efficiency decreased from 97.8 to 89.5% as the AN concentration was increased from 20 to 200 mg dm -3 [58] and similar trends was found for removal of phenols [70, 73] . The rate of removal of P and NP was faster initially and NP was more readily adsorbed than P, showing higher affinity of NP towards AC [70] . However, more P gets adsorbed than NP in the present study.
Adsorption dynamics
Two kinetic models, namely pseudo-first-order [74] and the pseudo-second-order model [41] , were applied to the kinetic data in order to investigate the adsorption behavior of AN, P, CP and NP onto GAC .
in the present study. The results of the fits of these models are given in Tables 2 and 3 . The fits of experimental data to the pseudo first-order and the pseudosecond-order equations seemed to be quite good when correlation coefficients (R 2 ) obtained from nonlinear regression analyses were examined. However, it was very difficult to decide which model represents the experimental data better solely on the basis of R A better criterion to find the best model for the experimental data is the MPSD parameter. It is known that the lower the MPSD value, the better is the fit. When the MPSD values given in Tables 2 and 3 are examined, it can be seen that they are much smaller for the pseudo-second-order model as compared to that for the pseudo-first-order model, leading to the conclusion that the kinetic data of adsorption of AN, P, CP and NP onto GAC fit to the pseudo-second order model better than the pseudo-first-order model. Similar conclusions were made by various researchers [28, [75] [76] for removal of AN, 4-methylaniline, and 4-nitroaniline and CP onto various types of ACs.
Controlling mechanism
The overall adsorption process may be controlled either by one or more steps, e.g., film or external diffusion, pore diffusion, surface diffusion and adsorption on the pore surface are the major steps involved during the adsorption process. Any one of these steps, individually or in combination with other steps, may control the adsorption process. The characteristics of the adsorbate, adsorbent and the solution phase affect the adsorption process. The particle size of the adsorbent, concentration of the adsorbate, diffusion coefficient of the adsorbate in the bulk phase and the pores of the adsorbent, affinity towards adsorbent and degree of mixing are some of the impor-tant factors. The external mass transfer controls the sorption process for the systems that have poor mixing, dilute concentration of adsorbate, small particle sizes of adsorbent and higher affinity of adsorbate for adsorbent. Film diffusion and adsorption on the pore surface are considered to be fast process [77] in a rapidly stirred batch adsorption process; whereas, intra-particle diffusion controls the adsorption process for a system with good mixing, large particle sizes of adsorbent, high concentration of adsorbate and low affinity of adsorbate for adsorbent [78] .
In the present study, experiment were conducted at well-mixed condition of 150 rpm with AN, P, CP and NP concentration ranging from 0.54-10.74, 0.21--10.62, 0.15-7.78 and 0.14-7.19 mmol dm -3 to properly understand the controlling mechanism. In general, external mass transfer is characterized by the initial solute uptake [79] and can be calculated with the assumption that the uptake is linear for the first initial rapid phase (in the present study first 30 min). The initial adsorption rates (K S in min Figures 9a-9d show the Weber and Morris [37] plot of q t versus t 0.5 for all the adsorbates and the parametric values are given in Tables 2 and 3 . If the plot of q t versus t 0.5 satisfies the linear relationship with the experimental data, then the sorption process is supposed be controlled by intra-particle diffusion only. However, if the data exhibit multi-linear plots, then two or more steps influence the sorption process. The slope of the linear portions are defined as a rate parameters (k id,1 and k id,2 ) and are characteristics of the rate of adsorption in the region where intraparticle diffusion is rate controlling. In Figures 9a-9d , the data points are related by two straight lines. The curvature from the origin to the start of the first straight portion (not shown in figure) represents the boundary layer diffusion and/or external mass transfer effects [79] [80] . The first straight portion depicts macro-pore diffusion and is attributed to the gradual equilibrium stage with intra-particle diffusion dominating. The second represents meso-pore diffusion and is the final equilibrium stage for which the intra-particle diffusion starts to slow down due to the extremely low adsorbate concentration left in the solution [80] [81] . Extrapolation of the linear portions of the plots back to the y-axis gives the intercepts, which provide the measure of the boundary or film layer thickness. The deviation of straight lines from the origin indicates that the pore diffusion is not the sole rate-controlling step.
Therefore, the adsorption proceeds via a complex mechanism [82] consisting of both surface adsorption and intra-particle transport within the pores of GAC. It can be inferred from the Figures 9a-9d that the diffusion of AN from the bulk phase to the external surface of GAC, which begins at the start of the adsorption process, is the fastest. It seems that the intra-particle diffusion of AN, P, CP and NP into meso-pores (second linear portion) is the rate-controlling step in the adsorption process. The portion of the plots are nearly parallel (k id,2 ≈ 0.00008-0.0032 mg g -1 min -0.5 , 0.00007--0.0032 mg g -1 min -0.5 , 0.00002-0.0002 mg g -1 min -0.5 , 0.00002-0.0013 mg g -1 min -0.5 ), suggesting that the rate of adsorption AN, P, CP and NP into the mesopores of GAC is comparable at all C 0 . The slopes of the first portions (k id,1 ) are higher for higher C 0 for AN, P, CP and NP, which corresponds to an enhanced diffusion of AN, P, CP and NP through macro-pores. This is due to the greater driving force at higher C 0 .
The multi-phasic nature of intra-particle diffusion plot confirms the presence of both surface and pore diffusion. In order to predict the actual slow step involved, the kinetic data were further analyzed using Boyd kinetic expression. Equation (4) was used to calculate B t values at different time t. The linearity of the plot of B t versus time was used to distinguish whether surface and intra-particle transport controls the adsorption rate. It was observed that the relation between B t and t (not shown here) was non-linear (R 2 range 0.828-0.991 for AN, 0.900-0.999 for P, 0.796--0.959 for CP and 0.764-0.994 for NP) at all concentrations, confirming that surface diffusion is the not the sole rate-limiting step. Thus, both surface and pore diffusion seem to be the rate-limiting step in the adsorption process and the adsorption proceeds via a complex mechanism. [31] for adsorption of P onto AC.
Desorption study
Various solvents, viz. ethanol, HNO 3 , HCl, NaOH, CH 3 COOH, acetone and water were used in the present study for the elution of AN or P or CP or NP from the GAC [83] . AN or P or CP or NP-loaded GAC was stirred with 50 ml of various eluents and the results are shown in Figure 10 . Among the various solvents, only NaOH was found to be a better elutant for the desorption of P, CP and NP with a maximum desorption efficiency of 5.43, 6.6 and 9.98%, respectively. HNO 3 was found to be a better elutant for the desorption of AN with a maximum desorption efficiency of 9.63%, respectively. Other solvents did not show any desorption efficiency. Negligible desorption efficiency by all solvents could be attributed to the chemical attachment between GAC and adsorbed AN, P, CP and NP, which prevented the adsorbed AN, P, CP and NP from being effectively desorbed by any solvent. NaOH was more removal efficiency compared to other solvents in the order of P, CP and NP, . due to stronger adsorbate-surface interactions with P, CP and NP [75] . Subsequent thermal regeneration was needed to remove additional adsorbates. .
Spent-GAC was thermal desorbed by process described in material and method section. Thermally desorbed GAC was again used for adsorption. This cycle of adsorption-desorption was repeated five times. Percent removal of AN, P, CP and NP in those cycles is shown in Figure 11 . It is seen that the spent-adsorbent can be reused for a number of adsorption-desorption cycles. Percent removal of AN, P, CP and NP, however, decreased after each adsorption-desorption cycle.
It is necessary to properly dispose of the spent GAC and/or utilize it for some beneficial purpose if possible. The dried spent-GAC can be used directly or by making fire-briquettes in the furnace combustors/incinerators to recover its energy value. AN, P, CP and NP loaded adsorbents were studied for their thermal degradation characteristics by thermo gravimetric instrument. The thermogravimetric analysis (TGA), differential thermal analysis (DTA) and differential thermal gravimetery (DTG) curves of the blank, and AN-, P-, CP-and NP-loaded GAC at the heating rate of 10 K/min are shown in Figures 12a-12c . The TG traces show the loss of moisture and the evolution of some light weight molecules including water upto 500 °C. The weight loss was 18% for blank-GAC, 10.2% for AN-GAC, 13.7% for P-GAC, 14% for CP-GAC and 22.9% for NP-GAC. Higher temperature drying (>100 °C) occurs due to loss of the surface tension bound water of the particles. Blank, AN, P, CP-and NP-GAC do not show any endothermic transition between room temperature and 400 °C, indicating the lack of any crystalline or other phase change during the heating process [84] . The rate of weight loss was found to increase between 500 and 601 °C (81% weight loss), 501 and 701 °C (67.2%), 499 and 601 °C (79.3%), 500 and 599 °C (78.5%) and 500 and 600 °C (49.4%) for blank, AN, P, CP and NP-GAC, respectively. In these temperature ranges, the AN, P, CP and NP-loaded GAC oxidize and completely lose their weight. The strong exothermic peak centered between 500-660 °C is due to the oxidative degradation of the samples. This broad peak as that observed from the first derivative loss curve (DTG) may be due to the combustion of carbon species. TGA and DTA curves could be used to deduce drying and thermal degradation characteristics. Blank GAC has a heating value of about 8.26 MJ/kg. Thus, the GAC along-with the adsorbed AN, P, CP and NP can be dried and used as a fuel in the boilers/incinerators, or can be used for the production of fuel-briquettes. The bottom ash may be blended with clay to make fire bricks, or with cement-concrete mixture to make colored building blocks thus disposing of AN, P, CP and NP through chemical and physical fixation. Thus, spent GAC could not only be safely disposed of, but also its energy value can be recovered. 
CONCLUSION
The present study shows that the GAC is an effective adsorbent for the removal of AN, P, CP and NP from aqueous solutions. The amount of AN, P, CP and NP uptake (mmol g -1 ) was found to increase with an increase in AN, P, CP and NP concentration and contact time. Equilibrium between the AN, P, CP and NP in the solution and on the GAC surface was practically achieved in 5 h. The sorption kinetics followed a pseudo second-order model. AN, P, CP and NP loaded GAC regeneration was studied using various solvents as well as by heating the spent GAC at 623 K. Solvent aided regeneration of GAC was found to be very less with maximum desorption efficiency of 9.63, 5.43, 6.6 and 9.98%, respectively, shown by AN-, P-, CP-and NP-GAC system. Thermal desorption of GAC worked well for at least five adsorptiondesorption cycle, with continuous decrease in adsorption efficiency after each cycle. Spent-GAC can be used as co-fuel in boiler-furnaces/incinerators.
